Thiopental is a racemate of equimolar R-and S-thiopental enantiomers that have different potencies in laboratory experiments. We measured concentrations of R-and S-thiopental in plasma, tissues and brain microdialysate of rats after computer-controlled infusion of thiopental i.v. to a plasma concentration of 40 µg ml -1 for 20 min in two pharmacokinetic studies. In study 1, animals were found to maintain their target plasma concentrations, which then decayed biphasically after infusion. Brain microdialysate concentrations of both enantiomers increased from about 3% of corresponding plasma concentrations at 1 min to 9% at 20 min. In study 2, thiopental concentrations were found to be highest at 20 min in CNS tissue, at 30 min in muscle and at 60 min in fat. Tissue:plasma distribution coefficients of R-thiopental were greater than those of S-thiopental when calculated from total or unbound plasma concentrations. We found no pharmacokinetic evidence to support differences between the thiopental enantiomers in rates of equilibration across the blood-brain barrier after infusion of rac-thiopental. 2000; 84: 67-73 
The action of thiopental on the central nervous system
In an attempt to determine if the biphasic CNS effects (CNS) is exemplified by initial activation and subsequent of thiopental, as shown on the EEG, could be related to a depression of the electroencephalogram (EEG). 1 2 Thiopen-preferential rate of uptake of a predominantly excitatory tal, in common with many barbiturates, is a racemate. (The thiopental enantiomer, we examined the rates of influx and nomenclature used in this article is thiopental for the efflux of thiopental enantiomers from sheep brain after i.v. clinically used racemate (i.e. rac-, (RS)-or (Ϯ)-thiopental) infusion of thiopental. There were no significant differences or for the sum of enantiomers as would be measured for between the enantiomers in rates of influx and efflux. 5 As example in plasma and tissues by conventional achiral this analysis was based on measurement of flux averaged analyses; R-and S-thiopental are used for individual (R)-across the whole brain, it may not have been indicative of (ϩ)-and (S)-(-)-thiopental enantiomers. As the signs of the microenvironment generating the predominant EEG the optical rotations are not of significance to this article, response, as measured in other studies. Hence we performed they have been deleted for simplicity. By definition, a a more sensitive analysis, based on the rate of equilibration racemate contains equal quantities of both enantiomers.) of thiopental enantiomers between plasma and extracellular Although currently there are no data for thiopental, various fluid (ECF), of selected brain areas using microdialysis in studies have found differences in CNS effects between rats. This technique is considered to be particularly well barbiturate enantiomers. For example, R-pentobarbital is suited to investigations of drug uptake into the CNS. [6] [7] [8] [9] predominantly excitatory and S-pentobarbital predominantly inhibitory in cultured mouse spinal neurones; 3 the (ϩ)-Materials and methods enantiomer of the related barbiturate, 5-(1,3-dimethylbutyl)-
The studies were approved by the Institutional Animal Care 5-ethyl barbituric acid (DMBB), causes seizures whereas the (-)-enantiomer induces only a pre-anaesthesia excitation. 4 and Ethics Committee. Two study designs were used, both with jugular vein infusions of thiopental in rats to achieve obtained from the surface of the brain. The probe was and maintain a constant target plasma concentration of 40 lowered gradually into position, halothane was reduced to µg ml -1 for 20 min, followed by a washout period of 1.0% and the probe environment was allowed to stabilize for 40 min (total dose 54.5 mg kg -1 ). The infusion rates were 30 min. 6 12 13 Oxygen flow was maintained at 0.5 litre min -1 determined and controlled by Stanpump software operating for the duration of the study and body temperature was with previously described pharmacokinetic data for thiopen-maintained at 37-38°C with a heating pad. tal and implemented on a personal computer. 10 In study 1, Microdialysis probes of concentric design (CMA12/3 microdialysis of the striatum (nϭ6) or hippocampus (nϭ7) mm membrane; CMA Microdialysis AB, Solna, Sweden) was used to determine the rate of equilibration of the were perfused at 5 µl min -1 with Ringer's solution thiopental enantiomers across the blood-brain barrier. In (NaCl 140 mmol litre -1 , KCl 4 mmol litre -1 and CaCl 2 2.5 study 2, total and unbound plasma thiopental enantiomer mmol litre -1 ) using a microsyringe (CMA 2.5 ml) and concentrations, together with CNS, muscle and fat concen-microinjection pump (CMA/100), while microdialysate trations, were measured after infusion at 20, 30 and 60 min samples were collected using a CMA/200 microsampler. (nϭ6 at each time).
The performance of the probes was assessed before comYoung adult male Wistar rats (350-400 g), housed mencing the study by examining volume delivery and individually after surgery, were maintained in a constant recovery (ratio of thiopental concentration in microdialy-12-h light-dark cycle at 23°C and allowed free access to sate:concentration surrounding the probe) in vitro for a food and water. Experimental procedures were performed solution of thiopental (100 µg ml -1 in Ringer's solution). within 3-5 days of surgery when body weight had returned Probes performing satisfactorily were reused, and Ͼ2 h to within 5% of baseline.
washout time was allowed before the study commenced. Anaesthesia was induced with an initial dose of pentobarMicrodialysate sampling began immediately after infubital 30 mg kg -1 i.p. followed 5 min later by ketamine sion of thiopental into the jugular vein had commenced. 45 mg kg -1 i.p.; both drugs were delivered in 1 ml of 0.9% Arterial blood samples (0.1 ml) were collected at 0, 1, 2, saline. Chronic indwelling cannulae (silastic laboratory 5, 10, 20, 21, 22, 25, 30, 40 and 60 min; the samples were tubing, 0.025Љ idϫ0.047Љ od and 0.020Љ idϫ0.037Љ od, replaced with 0.9% saline 0.2 ml followed by 0.1 ml of respectively) were implanted into the jugular vein and heparin 10 u. ml -1 in 0.9% saline. After centrifugation, carotid artery to allow simultaneous venous infusion and plasma aliquots (50 µl) were stored frozen (-20°C for up arterial blood sampling. The cannulae were tunnelled under to 4 weeks) until analysis. Microdialysate samples were the skin, externalized above the neck anterior to the scapulae collected over 5-min intervals for 60 min into 250-µl and filled with a solution of polyvinylpyrrolidone 6 g in polypropylene vials containing 50 µl of internal standard sodium heparin 5 ml (1000 u. ml -1 ) to prevent occlusion. (5-ethyl-5-hexyl barbituric acid 2 µg ml -1 in Ringer's On completion of surgery, animals were administered solution) and assayed immediately after the study. At the amoxycillin 85 mg kg -1 i.m., buprenorphine 0.15 mg kg -1 end of each study, the animal was killed by barbiturate s.c. and 0.9% saline 10 ml s.c. for fluid replacement.
overdose and the brain removed, fixed in formalin (10% v/v Amoxycillin 85 mg kg -1 i.m. was administered the following in 0.9% saline) and sliced with a scalpel blade, through the morning. Postoperative body weight and fluid intake were coronal plane, to expose the cannula tract. Correct placement monitored.
of the cannula in the striatum or hippocampus was verified For the infusions, sodium thiopental (Pentothal, Abbott visually by reference to the anatomical atlas of Paxinos and Australasia Pty Ltd) was dissolved in deionized water to Watson. 11 give a final concentration of 10 mg ml -1 (9.2 mg ml -1 as Microdialysis recovery of thiopental in vivo was estimated free acid) and contained heparin 2 u. ml -1 .
by a single point calibration procedure, adapted from the zero net flux technique, 9 whereby loss of solute across the
Study 1: microdialysis
probe (equation (1)) is assumed to be equivalent to recovery Anaesthesia was induced with 5% halothane in oxygen 1 of solute measured from a solution surrounding the probe. 12 litre min -1 ; rats were mounted in a stereotaxic frame (Kopf At the end of sampling, thiopental 100 µg ml -1 in Ringer's model 900) and an anaesthetic mask was fitted around the solution was perfused through the probe at 5 µl min -1 and rat's head and the nose bar of the stereotaxic frame. The after equilibration for 20 min, microdialysate was collected concentration of halothane was reduced to 2% at 0.5 for 10 min. However, a directional-dependent diffusion litre min -1 until implantation of the microdialysis probe effect may result from membrane-solute interactions. 14 was completed. A midline incision was made to expose the Thus the ratio of thiopental recovery to loss was determined skull, and coordinates for the corpus striatum (A/P ϩ0. 4 for a 100-µg ml -1 solution of thiopental in Ringer's solution, mm, L 3.0 mm, D/V -6.6 mm) and hippocampus (A/P either surrounding the probe or in the perfusate, and was -5.2 mm, L 5.0 mm, D/V -6.0 mm) were measured from found to be 0.64. Hence microdialysate concentrations were the bregma. 11 A circular region of the skull was removed related to apparent extracellular fluid (aECF) concentrations with a dental drill to expose the brain surface and the dura was removed gently. The dorsal-ventral coordinate was using equations (2) 
Study 2: tissue and free plasma concentrations of thiopental enantiomers
Three groups of six rats were anaesthetized by infusion of thiopental into the jugular vein as in study 1. Blood and tissue samples were obtained from anaesthetized animals thoracotomy, blood was withdrawn by cardiac puncture microdialysis during infusion of thiopental to a combined enantiomer using a heparinized 21-gauge needle and syringe, and target of 40 µg ml -1 for 20 min. plasma was separated by centrifugation. CNS tissue samples were obtained from the cortex, striatum, hippocampus,
Data analysis
cerebellum, brachial and sacral spinal intumescences; epidiData from one animal undergoing striatal microdialysis in dymal fat and adductor muscle were also sampled. Samples study 1 were rejected because of leakage of thiopental from were stored at -80°C until analysed.
the syringe connection. Pairwise comparisons of relevant Binding of thiopental enantiomers was determined by R-and S-thiopental concentrations were performed using equilibrium dialysis of the harvested plasma (adjusted to the Student's t test for paired data; enantiomeric bias was pH 7.4 with NaH 2 PO 4 0.5 mol litre -1 immediately before deemed to have occurred if the ratio of concentrations or dialysis) against phosphate buffer (0.067 mol litre -1 , pH the areas under the relevant concentration time curves 7.4) in cells (Plexiglas 2.5 cm diameter, 0.5 cm depth) (AUC) for (S:R) thiopental enantiomers differed from unity separated by pre-washed cellulose membranes. The cells (Student's one sample t test). Respective plasma and aECF were incubated at 37°C for 8 h with gentle shaking. 15 data in the striatal and hippocampal microdialysis studies
Thiopental enantiomer assays
were compared using the Student's t test. Relevant respective CNS tissue thiopental enantiomer concentrations and their R-and S-thiopental concentrations were determined using (S:R) enantiomer ratios, and tissue:plasma distribution coour previously reported HPLC procedure with micro-modiefficients for the thiopental enantiomers and their (S:R) fications. 16 Plasma aliquots (50 µl in 1.5-ml Eppendorf ratios were compared across regions and times by twotubes) were extracted with ethyl acetate in hexane (1.1 ml, factor analysis of variance (ANOVA). Peripheral tissue 5% v/v) after addition of internal standard (5-ethyl-5-hexyl samples were compared by one-factor ANOVA. Significance barbituric acid 50 µg ml -1 , 50 µl) and H 3 PO 4 (10 µl, (ANOVA) was followed by pairwise comparisons performed 2 mol litre -1 ). Samples were shaken vigorously (1 min), by the method of least significant differences. Distribution centrifuged (7000 rpm, 2 min) and frozen on dry ice (15 min) coefficients for peripheral tissues and plasma binding were before the organic layer was decanted and evaporated to compared using the Student's t test. dryness in a rotary vacuum bench evaporator (40°C). The residue was reconstituted in Na 2 HPO 4 solution (200 µl, 10 mmol litre -1 containing 30% v/v isopropanol); an aliquot Results (10 µl) was injected onto the column. Tissue samples were Study 1: microdialysis homogenized (50-100 mg ml -1 ) in Na 2 HPO 4 (0.2 mol litre -1 ). An aliquot (200 µl) was taken, internal standard (100 µl) Total thiopental enantiomer plasma concentrations remained near the target concentration of 40 µg ml -1 during the was added and the sample was extracted with hexane (1.0 ml) by shaking vigorously (1 min). After centrifugation infusion period (Figs 1, 2 ). There was no overall difference in plasma thiopental concentrations or AUC values between (2 min, 7000 rpm), the organic layer was decanted and discarded, the sample was resuspended by sonication, the groups of animals who underwent striatal or hippocampal microdialysis; however, plasma thiopental concentrations vortex-mixed, acidified with H 3 PO 4 (20 µl, 2 mol litre -1 ) and extracted with ethyl acetate in hexane (5% v/v) as were lower in the hippocampal group for the 2-min samples (PϽ0.05). before. Microdialysate samples were injected (60 µl) without prior extraction. The mobile phase was delivered at a flow
The thiopental enantiomer plasma concentration (S:R) ratio increased over time and was significantly higher at rate of 0.9 ml min -1 and consisted of phosphate buffer (100 mmol litre -1 , pH 6.3) containing isopropanol (4.5% v/v).
60 min than at 1 min in both groups (striatal PϽ0.05; group (PϽ0.05). There was no significant difference between groups in AUC values for aECF thiopental concentrations when compared over the duration of the infusion. of both enantiomers in all CNS regions decreased from However, the aECF:plasma ratio for the 2.5-min fraction 20 min (end of infusion). Muscle concentrations of Swas significantly lower for the hippocampal group thiopental were greater than those of R-thiopental at 20 min (PϽ0.05). Mean aECF thiopental concentrations in both (PϽ0.01) ( Table 1) , and the (S:R) enantiomer concentration groups peaked in the 27.5-min fraction. Taking into account ratio did not differ between the three sampled times. Fat a system dead volume lag time of 2.5 min and a further concentrations of S-thiopental were greater than those of diffusional delay of 2.5 min in attaining maximal concentra-R-thiopental at 20 (PϽ0.025), 30 (PϽ0.01) and 60 (PϽ0.02) tions found in in vitro experiments, the effective peak min, and the (S:R) enantiomer concentration ratio did not aECF concentration of both enantiomers at both sites of differ with time. Fat concentrations of both enantiomers microdialysis occurred at 22.5 min. were significantly higher (PϽ0.001) at 60 min than at By 60 min, mean plasma thiopental concentrations in the 20 min. striatal and hippocampal groups had decreased significantly Plasma concentrations of both thiopental enantiomers at to 63% (PϽ0.0001) and 59% (PϽ0.0001) of their respective 20 min in study 2 (Table 2) were markedly higher than end-infusion concentrations whereas the respective mean those at the same time from the same infusion regimen in aECF concentrations had deceased to only 89% (ns) and study 1 (Figs 1, 2 ). This was attributed to blood concentra-90% (PϽ0.005) of their respective peak concentrations. tion enrichment occurring while thiopental was being Mean aECF concentrations of S-thiopental usually exceeded infused and blood was concurrently sampled by cardiac those of R-thiopental. Whereas mean striatal aECF AUC puncture. Subsequent statistical comparisons of tisvalues did not differ significantly, hippocampal AUC values sue:plasma distribution coefficients (Tables 3, 4) were of S-thiopental significantly exceeded those of R-thiopental performed only on 30-and 60-min data; nevertheless, the (PϽ0.05) and enantiomeric bias (PϽ0.01) was also 20-min data were suitable for the purpose of comparison apparent.
of relative enantiomer concentrations. Total plasma concentrations of S-thiopental were greater than those of R- Tables 3, 4) of tissue:plasma distribution coefficients across CNS regions showed that tal (PϽ0.002). Concentrations of both enantiomers were higher in spinal than in brain regions (PϽ0.005) but did R-thiopental was greater than S-thiopental (PϽ0.0001) for the 30-and 60-min samples; the differences were larger not differ within the respective CNS regions. Concentrations Table 2 Mean (SEM) plasma concentrations (unbound percentages) of thiopental enantiomers and their relevant enantiomer ratios in three groups (nϭ6 but nϭ5 for 20-and 30-min unbound fraction data) of rats after infusion of thiopental to a target plasma concentration of 40 µg ml -1 for 20 min. R vs S and S/R when based on unbound plasma concentrations. Distribution coefficients for spinal regions were higher than for brain and S-thiopental between plasma and aECF in the striatum regions (PϽ0.01). The muscle:plasma distribution coeffi-and hippocampus. Hence we found no evidence to support cient for R-thiopental was greater than that for S-thiopental the notion that the enantiomeric differences in anaesthetic at 30 (PϽ0.005) and 60 (PϽ0.0005) min, and the (S:R) potency or the biphasic EEG response, as reported by thiopental enantiomer ratio of the distribution coefficients others, 1 2 is associated with enantiomericdifferences in rates was lower at 60 than at 30 min (PϽ0.05). The fat:plasma of equilibration between plasma and brain. Furthermore, distribution coefficients for R-thiopental were greater than the actual rate of attaining plasma-brain aECF equilibration those for S-thiopental at 30 (PϽ0.0005) and 60 (PϽ0.0005) was surprisingly slow, thereby contrasting with published min; the values for both enantiomers were higher at 60 data on the rate of equilibration between EEG signal than at 30 min (PϽ0.005). The (S:R) thiopental enantiomer variables and arterial plasma thiopental concentrations, 1 and ratio of distribution coefficients was lower at 60 than at with the clinical observation of rapid induction of thiopental 30 min (PϽ0.002). anaesthesia. Second, enantioselectivity was found in plasma concentrations and in tissue:plasma distribution coefficients.
Discussion
Third, tissue:plasma distribution coefficients of both enantiomers were time-sensitive, even in highly perfused CNS Our study has produced several interesting findings. First, there was no difference in the rates of equilibration of R-tissues. and indicates the need for incorporation of albumin (or Plasma-brain equilibration other relevant protein) into the perfusion medium for Using microdialysis, the ECF surrounding the probe tip can studying very lipophilic and/or highly plasma protein bound be sampled repetitively, allowing the local kinetics of solutes substances. to be defined. Solute microdialysate concentrations are accepted as equivalent to aECF concentrations after the Enantioselectivity in plasma and tissue in vivo recovery for a given set of experimental conditions concentrations has been incorporated. 6-9 13 14 17 Both striatal and hippocampal regions were sampled as both are putative target regions In rats from study 1, the (S:R) ratio of thiopental enantiomer for thiopental EEG effects and are kinetically similar plasma concentrations increased throughout the study. This regarding its effects. [18] [19] [20] [21] [22] Thiopental has a rapid rate of is consistent with the higher total body clearance of Rentry into the brain because of its high lipophilicity; thiopental, as reported in other species, 5 15 and in our cerebral uptake is a function of cerebral blood flow, the ongoing studies in rats. 28 In the hippocampal group, where plasma-brain ECF concentration gradient of its unbound the sample size was larger, significant enantiomeric bias unionized form and its apparent volume of distribution was also apparent in aECF concentrations such that Sin the brain. [23] [24] [25] [26] [27] The first measured aECF concentration thiopental was greater than R-thiopental over the duration in this study (at 2.5 min) demonstrated that uptake of of sampling. The ratios of aECF:plasma thiopental AUC thiopental into the striatum and hippocampus was rapid, values from the 2.5-min fraction interval were significantly given the measured lag time and diffusional delay. aECF higher in the striatum group than in the hippocampus group.
Measurement of CNS regional blood flows in rats, by uptake concentrations, however, were surprisingly low.
of iodo[ 14 C]antipyrine, found flow rates of 1.37Ϯ0.07 and In this study, rats were anaesthetized within about 30 s 1.15Ϯ0.08 ml g -1 min -1 in the striatum and hippocampus, of commencing the infusion of thiopental. However, the respectively, 29 suggesting that the initially higher uptake slow increase in aECF thiopental concentrations observed into the striatum may be a result of its higher regional over the duration of the infusion seems inconsistent with blood flow. The lack of a significant difference between rapid induction of thiopental anaesthesia. It is also inconsistaECF thiopental concentrations in the striatum and hippoent with the reported equilibration rate constant between campus, when compared over the entire infusion period, is arterial plasma and the EEG effect site (in rats approximately consistent with regional blood flows decreasing towards a 80 s) and with the constancy of the plasma concentrationcommon basal value. 29 30 31 effect relationship for thiopental. 1 2 27 Moreover, aECF concentrations should reflect unbound plasma thiopental concentrations but these were found not Tissue concentrations and distribution coefficients to converge (within experimental error) until 10 min after Preferential tissue distribution of R-thiopental was found. the infusion had finished. These findings may reflect a Indeed, the (S:R) ratio of tissue:plasma distribution coeffilimitation of microdialysis application to tracking the large-cients for thiopental enantiomers, which was Ͻ1 when influx of highly lipophilic drugs, such as thiopental, that derived from total plasma concentrations, decreased further can rapidly diffuse between plasma and lipid-rich CNS when derived from unbound plasma concentrations. By 30 tissue. It was noted that in previous analogous kinetic and 60 min, CNS tissue concentrations of both enantiomers studies using this technique, the drugs used were less decreased from those at 20 min, whereas little change lipophilic with relatively longer equilibration times. 8 9 14 A occurred in muscle concentrations, and the fat concentrapossible explanation is that the local (and competitive) rate tions of both enantiomers increased substantially. This of thiopental uptake into brain parenchyma exceeded the finding is consistent with the traditional view of consecutive rate of diffusion into the microdialysis probe. Had the redistribution of thiopental from well perfused CNS tissue infusion continued until steady-state, brain aECF thiopental to less well perfused tissue. However, concurrently, the CNS concentrations should have reached a limiting value equiva-tissue:plasma distribution coefficients for each thiopental lent to unbound plasma concentrations. At the end of the enantiomer tended to increase, albeit disproportionally infusion, however, thiopental redistribution from the brain (RϾS), as demonstrated by the significant decrease in parenchyma back into plasma would have begun thus their (S:R) ratio between 30 and 60 min. Hence tissue maintaining nearly constant aECF concentrations during enantioselectivity was not uniform. These findings indicate the post-infusion period, despite plasma and brain tissue that caution needs to be applied when incorporating distribuconcentrations declining to approximately 60% of those tion coefficients into physiologically based pharmacopresent at 20 min. By 60 min, the unbound total concentra-kinetic models. tion of thiopental in plasma was estimated to be about 4.4 In summary, although we found enantioselectivity in the µg ml -1 , a value similar to the aECF concentration at 60 min pharmacokinetics of thiopental, there was no pharmaco-(3.4 µg ml -1 ). The discrepancy probably reflects a difference kinetic evidence to support differences in CNS potency in unbound drug concentration under the conditions of the between the thiopental enantiomers being a result of differences in their rates of equilibration across the blood-brain experiment from the value measured by equilibrium dialysis 
